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The  objective  of  this  prograa  is  the  study  of  the  autafrettege 
principle  «s  applied  to  high  strength  thick-awll  steel  cylinders 
af  intense  diet#  disaster  ratio  and  the  devnlopMnt  of  the  design 
criteria  and  proceduree  far  the  application  of  satofrettege  to 
ligpxfe  weight  gun  tubs  design  and  fabrication. 

% 
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Those  associated  slth  the  cannon  field  have  long  been  interested 
in  techniques  for  increasing  the  elastic  strength  of  thick-wsll 
cylinders.  This  interest  is  demonstrated  by  the  early  nse  la  the 
cannon  Held  of  each  techniques  u  bare  quenching,  sire  ^/rapping  and 
shrinking.  Overstraining  beyond  the  initial  elastic  breakdoan 
pressure  which  is  tamed  autofrattage,  is  another  such  technique  that 
was  introduced  to  the  caiman  field  early  in  the  Twentieth  Century  as 
a  aeana  of  Increasing  the  elastic  operating  range  of  gun  tubes* 


2p  to,  «ad  during,  World  War  n,  ntofMtq*  was  widely  utilised 
in  tlM  field  throughout  the  worlds  It  was  primarily  United, 

however,  to  Materials  la  the  65,000  to  80, 000  pounds  por  square  inch 
yield  strength  range. 

As  a  result  of  the  wstallurflcal  advances  wade  after  World  war  H 
which  resulted  in  significant  Increases  in  natorlal  strengths,  the 
aafiSoCrottago  principle  for  cannon  applications  ana  thought  unnecessary 
and  rathar  inprectical.  Consequently,  the  design  data  and  criteria 
along  nlth  the  high  pressure  technology  fall  far  behind  tho  rapid 
increase  In  gun  tube  notorial  strengths.  Currant  and  future  warfare 
concepts,  hsmsr,  are  confronting  those  in  the  cannon  field  with  tho 
l  nfjnl  i  —it  of  and  manufacturing  weapons  featuring  greater 

acblllty  and  Mfrw  firepower  than  over  before  thought  possible.  To 
assist  In  waatlng  these  roquir— nta  It  la  necessary  to  consider  the 
application  f  autofrottage  to  current  and  future  high  strength  light 
weight  gun  tvfce  and  Maniac  tore. 

Developed  and  described  are  eaqjirical  data  and  design  criteria 
for  tho  application  of  tho  autofrottage  principle  to  gun  tubes  in  tho 
cwxTont  yield  strength  range  of  160,000  -  190,000  pounds  par  square 
inch.  The  developed  data,  which  is  based  on  a  nominal  yield  strength 
of  165,000  pound a  par  square  inch,  la  compared  to  various  thick-wall 
cylinder  theories* 

fiapirlcal  data  and  relatlonshlpa  are  presented  for  tho  pressure- 
strain  curve,  tho  one  hundred  percent  overstrain  or  optimum 
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autafrsttags  condition,  parmmmt  anlarg— i nt  ratio,  longitudinal 
strain  sod  attar  phsiv—i  ico  associated  with  the  oversts-aining  of 
thick-wall  cylinders  of  istarudistt  dianeter  ratio* 

Strain  "stabUi.  satlac«y  tho  byetarss is  loop  offset,  offsets  of 
■arhlning,  and  reverse  yielding  are  briefly  analysed  and  discussed* 

A  typical  eoqparlsHntally  dstsradnsd  reeichaal  stress  distribu¬ 
tion  Is  presented  end  compared  to  that  predicted  tem  theory  based 
on  various  yield  criteria* 

The  thick-wall  cylinder  theory  for  the  various  stages  of  over¬ 
strain  is  given  and  discussed* 

The  restate  obtained  fra*  tit*  testing  of  ■iirlaturs  spedmns  in 
the  disaster  ratio  range  of  1*4  to  2*4  ore  ccwpliaented  bgr  the  auto- 
fret  tege  of  a  series  of  f  oar  M^h  strength  90at  gun  tabes  r£  various 
design  safety  factors*  Tho  design  technique  for  setafrottaga  of 
gen  tabes  along  with  an  erssplw  based  as  one  of  the  above  9CSn  tabs*  is 


I  -  BX90KBXCAL  KBVEBT 

Iw  Has*  approodnately  1850,  those  in  the  field  of  ounce 
design  and  manufacture  bar*  used  residual  itmw,  la  «oe  forn  or 
another,  to  coanteract  the  operating  stresses,  thus  increasing  tte 
affective  elastic  strength.  Tbe  first  atteapt  see  aid*  dazing  the 
era  of  this*,  sail  oast  steel  cannon  which  wars  bore  quenched.  MLs 
quenching  procedure  Induced  a  thersal  stress  gradient  of  sufficient 
aagaltuds  to  cause  favorable  ccapressivw  residual  stresses  at  tte 
bore* 

Other  later  atteapt#  to  Induce  ccspreeadve  residual  stresses 
at  ths  bore  involved  the  wrapping  of  steel  sire  under  tension  or 
the  shrinking  of  one  or  sera  Jackets  onto  a  liner* 

i«  early  as  1872  aeint-Twnant  (20)  and  others  reported  the  do- 
velopaent  of  the  usthaaatioal  relationships  for  tte  stresses  in¬ 
duced  by  strains  beyond  the  Initial  elastic  breakdown  condition  in 
thick-sailed  cylinders.  Fallowing  this,  several  investigator* 
reported  nathaaetical  analyses  of  stresses  respiting  free  overstrain, 
based  upon  several  different  criteria  of  flow. 

Early  in  tte  20th  Century,  Turner  (2$)  proposed  that  overstrain 
produced  by  tte  application  of  a  sufficient  internal  hydrostatic 
pressor*  could  be  need  as  a  substitute  for  bore  quenching,  wire 
wrapping  end  shrinking  as  a  naans  of  producing  ccapressivw  residual 
bore  stresses.  This  concept  was  adapted  by  several  European  coun¬ 
tries  and  tte  united  States  for  application  to  cannon  tabes  In  tte 
aaterUl  strength  range  40  -  50,000  pounds  per  square  inch* 


Later  daring  World  War  n  the  asrtofrettage  process  vs  a  applied 
to  a  large  maber  of  caiman  tabes  of  all  sisas  by  several  countries. 
It  was  still  generally  n«ri4u»rf  however  to  eats  rial  strengths  ef 
65,000  -  8 0,000  pounds  par  square  inch, 

Follcsing  World  War  II,  however,  now  stasis  and  metallurgical 
advances  mads  possible  tbs  increase  of  Material  strengths  to  the 
point  share  guns  ear#  able  to  neat  airfare  requir se«rt8  without  tha 

use  of  autofrsttage,  Consequently  the  design  criteria,  data  and 
technology  associated  with  the  urn  of  autofrsttage  in  cannon  desigh 
and  aaanfhcttira  fell  far  behind  the  rapid  increase  in  material 
strengths, 

Sevaiml  techniques  for  Inducing  residual  streasae  in  gon  tabes 
by  overstraining  hare  bean  developed.  These  basic  auto fret tags 
technique*  are  described  telefly  as  fdLlceet 
A  -  Closed  lad 

Xn  tide  aethod,  a  scbaeatic  of  which  la  Shown  in  Figure  1, 
tbs  ends  of  tbs  tabs  are  capped  and  hydraulic  pros  sore  introduced 

into  tha  hove,  tbs  tabs,  before  autefrettage,  baa  a  near  constant 
cross  section  tbns  requiring  a  large  secant  of  mdhining  afterwards. 
So  reatrainlzg  containers  are  utilised,  thus  tbs  process  is  United 
to  relatively  low  yield  strength  eatarials  and  aeall  aaoonta  cf 
defamation. 

This  process  was  primarily  utilised  by  the  U.3.  Wavy.  It 
eonalst a  of  a  moveabla  packing  configuration  which  is  sawed  along 
the  bars  and  tha  presaors  varied  to  somoni  lists  a  variable  cross 


Motion.  T4d*  method  dots  not  still  w  restraining  containers  but 
•Uos*  *  c«r  flLnal  configuration  prior  to  autafrettas*.  A 
scbmastlc  of  this  proa—  ia  alio  shorn  in  Figure  1. 

C  -  Qpan  lad 

lhii  procee*  was  originally  used  by  the  U.S.  Amy  Ordoo.no* 
Corps  daring  World  W hr  XI  on  materials  of  65,000  -  80,000  pounds 
par  septan  inch  yiaOd  strength.  The  tab*  acts  as  an  open  and 
cylinder  in  tint  the  pressure  seals,  or  packings,  an  constrained 
by  a  pnss  and  sot  tba  tabs  aa  shorn  in  Figure  2.  Containers  am 
utilised  both  to  pemlt  radial  cross  aeetlon  changes  along  the  tube 
length,  and  to  pendt  the  use  of  largo  permanent  bora  enlargements 
and  M£i  yield  strength  material a  without  the  danger  of  •ballooning* 
or  inhomogeneous  radial  defamation*  This  process  which  has  previ¬ 
ously  been  United  both  from  an  equipaact  and  dsadgi  standpoint  to 
Ion  strength  neterlala  is  currently  being  adapted  to  the  eaterial 
yield  strength  range  of  160,000  -  190,000  pounds  par  square  inch* 

D  -  awndng 

A  near  method  of  autefrettag*  in  which  the  eliding  wedge 
principle  is  cosbinsd  with  direct  or  indirect  hydrostatic  pressure 
or  aschanj  otlly  applied  force  has  recently  been  developed  and  is 
described  in  a  previous  report  (1).  In  this  process,  which  is  still 
esperimantal,  the  deferaatien  gradient  is  produced  by  forcing  * 
mandrel,  which  la  larger  than  the  bore  by  a  predetermined  amount, 
through  the  tube*  It  has  proven  able  to  produce  the  asms  act  of  rot- 
tag*  effect  at  75  percent  lees  pressure  than  that  required  by  ths 
open  and  technique.  Qae  other  added  advantage  is  that  since  the 
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Mount  of  redial  deformation  is  controlled  by  the  major  diameter 
of  t be  naadrel  no  external  restraining  ccntainwrs  at#  required, 
fids  process  is  shewn  in  Figure  3. 

U  -  ISTECDUCnaif 

Current  and  tutors  warfare  concepts  are  confronting  those  in 
the  cannon  field  with  the  problem  of  designing  and  Mxrofacturing 
weapons  featuring  greeter  nobility  and  higher  firepower  than  ever 
before  thought  possible.  In  texns  of  the  gun  proper,  this  neans 
that  it  east  withstand  equal  or  higher  chamber  pressure#  than  those 
of  current  aondbloc  or  shrunk  construction,  but  with  radically  re¬ 
duced  weight.  The  apparent  solutions  to  this  problem  are  the 
development  and  ut&ii nation  of  inch  higher  strength  to  weight 
ratio  nateriels  and/or  tbs  use  of  desiga  concepts  sad  principles 
to  Increase  the  effectiveness  of  the  load  carrying  capacity  of  the 
configuration.  Autofrettage  is  one  such  principle. 

The  purpose  of  this  program  is  to  develop  the  design  data  and 
criteria,  and  to  study  tbs  phenomenon  associated  with  the  applica¬ 
tion  of  the  autofrettage  principle  to  current  materials  utilised  in 
gun  construction  which  feature  a  yield  strength  range  of  160,000  to 
190,000  pounds  per  square  inch.  Since  this  yield  strength  is 
ilmoet  triple  that  cn  which  the  autofrettage  principle  was  applied 

during  the  lorld  War  II  era,  previously  developed  design  criteria 
and  techniques  are  inadequate  and  not  applicable  for  today's 


application* 

*  -  asJg&9gB&t«ft  jaariLria. 


The  clastic  breekdown  pressure  la  defined  as  that  pressure 
which  just  products  Inal  act  ic  action  or  yielding  at  the  bore  of  a 
cylinder.  Accusing  a  perfectly  plastic  nsterial,  in  a  th±n-*»all 
cylinder,  the  elastic  breakdown  pressure  is  easy  nearly  the  ulti- 
nate  or  bursting  pressure,  far  s  dlaaetar  ratio  larger  than  that 
defined  as  a  thin  null  cylinder",  the  tneleetlc  region,  which 
starts  at  the  bare,  proceeds  tenrde  the  outside  disaster  as  the 
internal  prescare  Is  increased.  After  this  first  application  of 
sufficient  pressure  to  cause  initial  yielding  and  the  worsen  re  at 
the  elastic -plastic  interface  either  towards  or  to  the  outside 
disaster,  e  higher  elastic  breakdown  pressure  will  result .  This 
pressure,  tensed  tbs  autofrettage  jraaeure^  can  theoretically  be 
aa  such  aa  S3  -  100  percent  greater,  depending  on  the  yield 
criteria  utilised,  than  that  for  initial  silastic  breakdown,  this 
concept  of  increasing  the  elastic  breakdown  pressure  by  over  strain¬ 
ing  is  known  as  autofrettage. 

As  nechoatan  by  which  tbs  autofrettage  effect  is  induced  de¬ 
pends  on  the  deformation  gradient  resulting  flren  overstraining. 
Since  the  oaterial  near  the  bore  has  been  defamed  to  a  ouch 
greater  extent  than  the  naterial  near  the  outside  surface,  the 
resultant  effect  tg>cn  release  of  the  overstrain  pressure,  will  be 
that  the  outside  layers  will  squsese  the  inner  layers,  thus 
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Indadag  •  tangential  residual  stress  that  la  capTMi ive  at  tee 
bore.  "Self-hooping*,  the  literal  tea nch  tarenalaticn  for  tea 
tern  antofrettage,  refers  to  this  raaldaal  stress. 

Zb  ocrdcr  for  ra-ytsldlag  to  oeoor  is  an  satofrattaged  cylinder, 
tea  rsaldnal  stress,  sham  1b  rips*  4,  nsst  be  overuses  by  tea 
stresses  Induced  by  tea  asset  application  of  precaare.  1  sehaastln 
representation  of  tea  alfterale  st—rtioc  of  tea  opareting  sad 
rcddrsl  atraaaas  la  shorn  la  Figaro  5.  The  Halt  of  tela  itrana 
tion  tears  yielding  will  again  start  at  tea  bora,  utilising  tea 
Ton  MUss  yield  criteria,  la  as  fdUosst 

2<y*  -  [jot  ■»  Otj.)  -  (Or  »  «ter>]*  *  [(<%■  »  «Vr>  -  (•»♦•*>!* 

*  [<%  ♦  v>  -  <v  •t»0  * . ft) 

rare  at  tea  bora  o^  -  0  and  for  tea  span  and  ease  considered 
herein,  og  »  Ot 

tea  Mgnltnda  end  dlatrlbatlfln  of  tea  raaldaal  atraaaas,  in¬ 
duced  bgr  sab ^acting  a  cylinder  to  pressures  beyond  initial  elastic 
bi  nliiiae  la  a  fraction  of  tea  internal  pressure,  yield  strength 
of  tea  Material,  dienatar  ratio,  and  location  of  tea  aloatio-plastic 
Interface. 

Before  dlaenaalaf  the  aatenaatiaal  devalapeant  of  raaldaal 
atraseea  in  thick-wall  cylinders,  it  nay  be  of  assistance  to  radar- 
stand  the  naming  of  two  tame,  that  are  often,  bet  incorrectly, 
used  aynonynonAjr.  tea  percent  overstrain  in  a  thick  awl  lad 
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cylinder  subjected  to  interne!  hydrostatic  pressure  is  defined  as 
the  ratio  of  the  distance  to  the  elastic-plastic  Interface  fraa 
the  bore  to  the  wall  thickness  of  the  cylinder/  !.«» 

peroent  overstrain  »-g=g.x  100  .  . . .  (2) 

One  hundred  percent  overstrain  results  shea  the  elastic-plastic 
interface  disaster  is  equal  to  the  outside  disaster  of  the  cylinder 
l.e.  E  •  b.  Overstrain  pressure  then  is  that  pressure  required 
to  produce  a  given  aacnuxt  of  overstrain. 

The  percent  autofrettage,  however.  Is  the  ratio  of  the  attained 
residual  stresses  due  to  a  given  aaount  of  overstrain  to  the  aaxLiria 
theoretically  possible  for  a  particular  disaster  ratio.  This  wean s 
that,  depending  on  the  diaaeter  ratio,  100  percent  autofrettage  nay 
be  attained  at  leas  than  100  percent  overstrain.  This  Is  the  ease, 
based  on  the  Ten  HLses  and  Tresca  yield  criteria  fen*  open  end 
cylinders,  in  diaaeter  ratio#  of  greater  then  approxlaatalj  2.0  end 
2.2  respectively. 

The  magnitude  end  distribution  of  the  induced  residual  stresses 
la  found  by  taking  the  difference  between  the  overstrain  stresses, 
and  the  elastic  stresses  at  the  overstrain  pressure  as  graphically 
shown  in  Figure  6*  The  derivation  for  the  residual  stresses  is 
open  end  thick-well  cylinders  is  gives  in  Appendix  I. 

A  critical  percent  overstrain  can  be  reached  above  which  the 
Induced  residual  stresses  will  cause  yielding  in  the  reverse 
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ttrcettao  upon  tee  nImn  of  prtmn.  ms  situation  will  occur 
assuadng  9m  »  0,  where  ct^  *  cy  which  will  result  At  values  of 
100  parcent  overstrain  la  disaster  ratios  greater  than  appnndaately 
2.0  -  2.2*  When  this  casditioc  exists,  the  above  seteod  of  defining 
and  developing  tte  relationships  far  tte  residual  stresses  is  no 
longer  valid* 

tte  purpose  of  this  progr**  1st 

a.  to  develop  tte  design  criteria  and  data  necessary  to 
Apply  the  cutofrettage  principle  to  current  and  future  high  strength 
aate rials  utilised  in  caiman  and  to  study  tte  elaoUc  and  plastic 
phmomna  associated  with  each  an  application. 

b»  to  develop  tte  required  techniques  end  facilities  far 
tte  satafrettage  at  high  strength  gun  tehee. 

Da  the  developeent  of  the  design  criteria  ami  study  <*  the 
elastic  end  plastic  phenoaana,  tte  diaeeter  ratios  and  yield  strengths 
cam um  to  current  cannon  design  end  sanufacture  are  considered.  Da 
view  of  these  current  high  strength  aaterials  and  tte  necessiiy  far 
cptijauB  weight  conservation,  tte  diaseter  ratio  range  considered  is 
well  belus  that  associated  with  World  War  II  camon  Manufacture  ate 
teat  of  prise  concern  to  otter  current  investigators. 

Of  prime  importance  along  with  the  pressure  and  stress  phenom¬ 
enon,  are  tte  strains  necessary  to  accomplish  optd®un  benefits.  If 
tee  rase  strain  criterion  was  used  today  that  was  considered  a 


■AbIj—  during  the  World  War  II  era,  the  tab*  vould  undergo 
serious  damage  and  possibly  rupture  during  autofrettage. 


Developed  under  this  program  are  the  data  necessary  to  design 
a  high  strength  gun  tube  for  optimum  benefit  from  autofret  tags. 
Tide  includes  the  study  of  such  variables  as,  autofrettage  and 
overstrain  pressures,  permanent  enlargement  ratios,  longitudinal 
strain  and  shrinkage,  and  the  magnitude  and  distribution  of  the 
resultant  residual  stress.  Other  variables  such  as  the  effect  of 
thermal  treatment  on  non-linearity,  reverse  yielding  on  the 
release  of  overstrain  pressure,  and  the  effects  of  post  machining 
on  the  strength  of  antofrettaged  configurations  are  also  investi¬ 
gated. 

The  primary  data  developed  along  with  that  for  associated 
phenomenon,  is  compared  to  current  theoretical  elastic-plastic 
concepts  and  summarised  into  appropriate  tables,  charts  and  graphs 
that  can  be  utilised  for  design  purposes. 

The  practice  or  technique  for  autofrettage  has,  out  of 
necessity,  undergone  radical  modification  and  re-development  frost 
that  utilised  for  World  War  n  gun  tubes.  The  pressure  capacity 


has,  of  necessity  been  increased  by  100  percent  which  has  resulted 
in  new  equipment  and  procedn^wl^cepts. 


Ill  -  DESCRIPTION  OP  TESTS  AND  APPARATUS 

The  descriptioc  and  discussion  of  the  tasting  procedure  and 
equlpaent  will  ba  divided  into  tso  categories  consisting  of  that 
assodited  with  1"  internal  disaster  Miniature  speciaans  sad  full 
seals  90m  gun  tubas. 

A  -  1  Inch  Bora  DU— tar  Spaciiams 
1  -  Test  Specimens 

Tbs  specimen  gaevrtry  consisted  of  a  cession  initial  1  .  ch 
bore  disaster  with  a  length  of  U  inches.  This  length  was  deter¬ 
mined  to  be  great  enough  to  overcoat  and  affects  in  the  largest 
disaster  ratio  investigated. 

Tbs  specimens  were  of  s  4340  otoel  of  the  following  chaai- 
cal  analysis! 


Cerbon 

0.37 

Wlckal 

2.39 

Ifengansse 

0.72 

Clrowlua 

0.96 

Silicon 

0.38 

Molybdemsa 

0.38 

Sulphur 

O.C05 

Pboephoroua 

0.016 

They  were  obtained  froa  billets  80  inches  long  and  4.25  inches  in 
diameter  which  ware  gun  drilled  and  cut  into  two  40  inch  lengths* 
These  lengths  ware  heat  treated  by  austenising  at  1525°  F,  oil 
quenching  in  the  longitudinal  direction  and  teaperlng  at  1075°  F  ? 
25°  with  a  resultant  ncadnal  yield  strength  of  165,000  pounds  per 
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Wtoare  inch.  Tba  40  inch  heat  treated  bars  w;  than  finish 
rMMd  to  1  Inch  I.D.  and  three  11  inch  spsrtmns  out  free  oaefa 
bar.  Tbs  nnd  inches  of  renoiniag  natorlal  wa a  utilised  to 
(fetain  teuxils  and  cbarpy  apadanna.  Tbs  apectnen  phyalcsl 
proparty  data  Is  tabulated  in  Tabla  I. 

£  »  SestrainSag  Containers 

Fiel  lari  nary  sxparinantatien  «u  conducted  using  several 
apaolBana,  ranging  In  dlaastar  ratio  imm  1*4  to  2.4*  to  dateondne 
tha  uniforeLty  of  strain  along  tbs  apadaxn  length.  Dos  to  tba 
natural  lnhaaogeoaity  of  notarial,  particularly  at  this  high 
atrangth  laral,  largo  variations  in  plastic  dilation  sere  noted, 
both  along  tba  langth  and  drcunfarsntltlly.  To  insaro  naif  am 
defamation  throughout,  aoctarnaX  restraining  cental nsre  were 
ntlllsad.  Tbasa  containers  ware  split  at  tha  half-length  point  and 
raoasaad  to  alios  tha  application  of  strain  gagas  to  tha  apacjjun 
surface  as  sham  in  figure  11.  They  wars  fabricated  frost  1045 
steal,  heat  treated  to  apprcalnately  130,000  pounds  par  square  inch 
yield  strength.  The  disaster  ratio  was  1*5  for  all  containers,  ana 
sat  being  provided  for  each  noniaal  spednen  dlanetar  ratio. 

3  -  Praaanra  foals 

Tba  aeal  configuration  mad  a a  them  in  figure  7  was  of 
tha  unsupported  area  type  consisting  of  an  *0*  zing  and  an  annealed 
1020  steal  ring  sfcich  is  foreod  up  an  jhiolinad  plans.  This  con¬ 
figuration  uns  chosen  as  being  tha  aiaplsst  and  nosi  troublafree 


ow  tbs  large  rang*  of  pressures,  pernsnent  bar*  enUrg— nts, 
and  diawrtar  ratios  encountered  in  this  in** irtig*ti csu 
4  -  Test  Apparatus 

T to  pros sure  source  as  abeam  in  Figaro  8  was  a  200,000 
pounds  par  sqnara  inch  10  cubic  inch  per  adnata  tntaenlflar  typa 
pooping  apstea  — wfacturef  by  the  Harwood  Mogineerlng  Cowpany. 

Bda  spates  baa  an  istanaiflcatien  ratio  of  100*1  with  a  lor 
pressure  source  of  2000  pounds  par  square  inch  and  a  charging 
pressure  of  10,000  pounds  per  square  inch. 

Bresaorea  ware  Measured  with  a  Mmganln  cell  and  a  Wheat¬ 
stone  bridge.  This  Mmganln  pressure  asasureawnt  syatoa  was 
calibrated  an  a  controlled  clearance  piston  gage  as  shown  in 
Figure  9  which  utilises  a  known  weight  supported  on  a  free  piston 
of  known  area.  Tbs  unkneau  pressure,  which  the  Mnganin  cell 
Measures,  is  introdnoed  into  the  bottoe  of  the  cylinder  and  the 
piston  floated.  Fran  the  known  weight  supported  by  tbs  piston  of 
a  specified  area  the  pressure  oaa  be  detamLnsd  to  an  accuracy  of 
0*1  percent. 

The  spool— >  strain  daring  th*  application  of  pressure  was 
nsasured  by  SR*<4  type  strain  gages  attached  to  th*  outside  surface 
of  tbs  sped—*  sddpoint.  An  dR-4  strain  indicator  was  used  on 
aoat  tests  for  Measuring  the  strain.  4  photograph  of  tbs  physical 
strain  oea-ent  eetup  is  sheen  in  Figure  10.  flryplenentel  data 
was  obtained  using  a  Moseley  Modal  28  X-T  recorder.  This  recorder 
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dMtuwoBUy  nuar«d  and  plotted  outside  surface  strain  and 
pressor**  It  was  calibrated  by  tbs  use  of  an  accurate  shunt 
resistance  in  one  an  of  a  four  arm  bridge « 

The  overall  experimental  accuracy  depended  upon  the 
aaagatrtn  cell  and  Vbeatetone  bridge  in  the  pressure  measurement 
System,  and  strain  gages,  SR-4  Indicator,  X~Y  recorder  end  asso¬ 
ciated  strain  recording  equipment  in  the  strain  measurement 
circuit,  the  estimated  error,  including  the  human  element  ass  ap¬ 
proximately  1  percent  in  the  pressure  measuring  systam  and  4 
percent  in  tbs  strain  measurement  circuit, 

5  -  Test  procedure 

As  has  been  previously  stated,  all  the  data  in  this  study 
was  obtained  from  cylinders  laterally  supported  by  restraining  con¬ 
tainers  during  antofrettage,  lbs  predicted  percent  bore  anlergeawnt 
was  controlled  by  varying  the  outside  diameter  of  the  specimen  thus 
controlling  the  subsequent  expension  of  each  specimen.  In  order  to 
determine  whan  the  desired  percent  overstrain  was  obtained,  tb~  con¬ 
tainer  was  strain  gaged  using  SB-4  type,  A-7  gages  tangentially 
directed  and  diametrically  opposed  at  intervals  along  the  length  of 
the  container.  When  a  email  but  substantial  reading  (generally 
between  100  and  200  micro-inches  per  inch)  was  obtained  on  ell  con¬ 
tainer  gages,  it  was  assumed  that  the  specimen  had  uniformly 
contacted  the  container  end  uniform  plastic  flam  achieved. 
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Steals  readings  fro*  ths  two  tangantlal  p««i  on  ths  sid- 
eecticn  of  the  sps&nen  wo  recorded  at  appropriate  intervals  of 
induced  internal  pressure.  Tree  these  data,  plots  of  internal 
pressure  versus  external  surface  strain  fras  both  taogsntisl  steals 
gases  ears  aade  for  lnereaaisg  and  decreasing  pressure.  On  a  four 
tests,  longitudinal  strain  «u  aeasured  by  using  longitudinally 
oriented  strain  gagas. 

Hgnieal  dinar  si  ops  of  tbs  bore,  asternal  digester,  and 
langth  sere  aeasured  before  and  after  autofrettage  utilising  scran 
wlrrmiBtsrs  and  dial  bore  gages  to  an  accuracy  of  ♦  .0002  inches. 

Tbs  applied  pressure,  when  using  tbs  JBt-4  strain  indicator, 
ocosisted  of  increnants  of  5000  pounds  par  square  inch  to  tbs 
clastic  breakdosn  pressure,  2000  pounds  per  square  Inch  to  within 
2,000  pounds  par  square  inch  of  the  owartreln  pressure  as  pre¬ 
dicted  firoa  prellninary  testing,  500  pounds  par  square  inch  to  the 
overstrain  preawe,  and  5000  pounds  par  square  inch  on  pressure 
release.  Whan  the  X-Y  pressure -strain  recorder  was  utilised  the 
preeeure  teas  continuously  applied  at  a  aloe  rate.  Good  agree— at 
was  obtained  between  tee  two  procedures. 

In  order  to  duplicate,  to  tea  greatest  extant  possible, 
tee  conditions  to  be  encountered  in  tee  fell- scale  autofrettage  of 
gun  tribes,  the  delay,  or  »*tabili  aatiae*  period  for  the  ■sasu—ssnt 
of  the  inox  a— at  of  strain  produced  by  a  press  are  change  was 
■slntsunsd  at  appraxlwately  Jo  seconds  par  reading.  So—  spect—ns 
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were  tested,  however,  allowing  complete  strain  "stabilisation*  at 
each  pressure  increment.  aj  will  be  discussed,  the  um  of  ft  short 
•stabili sati cn«  period  did  not  significantly  change  the  results  ae 
derived  from  the  pressure-strain  data  and  it  allowed  the  testing 
of  a  large  number  of  cylinders  in  a  Halted  period  of  tine* 

b  »jMajasai&j20Bt  mb..wmi 

la  ardor  to  fully  evaluate  the  data  obtained,  a  aeries  of 
90m  gun  tubes  were  autofrettaged  and  service  tested,  these  tabes 
were  autofrettaged  with  a  200,000  pounds  per  square  inch,  70  cubic 
Inch  per  Minute  pumping  system  similar  in  principle  to  the  waller 
unit  previously  described.  In  this  system  ss  shown  in  figure  12, 
two  double-acting  iutexudfiers  operate  in  parallel,  this  arrange¬ 
ment  yields  s  greater  volumetric  capacity  end  increased  relia¬ 
bility  under  extreme  pressure  ccoditions. 

Far  safety  purposes  the  high  pressure  portion  of  the  system 
as  wall  as  the  holding  press  for  the  gun  tube  are  installed  below 
floor  level,  lbs  controls  tar  the  system  shown  in  figure  13  ere 
isolated  from  the  high  pressure  portion  of  the  facilities. 

The  four  tubes  were  autofrettaged  by  the  open-end  process 
shown  in  Figure  2.  They  were  placed  in  a  ten  edJLlian  pound  press, 
mad  constrained  along  the  length  by  containers.  In  this  process, 
tbs  10  Million  pound  press  serves  to  restrain  the  pressure  seels. 


end  also  to  force  the  gun  tube  out  of  -the  containers  after  auto- 
frettags.  ibis  is  necessitated  by  the  tube  being  of  near-final 


configuration  prior  to  autcfrettage.  Therefore  the  miiU,  which 
has  4  inch  lower  disaster  ratio  than  th*  breech-end,  tends  to  fit 
rather  tightly  into  the  container  after  autefrettage.  As  previ¬ 
ously  sectioned  the  restraining  containers  insure  uniformity  of 
plastic  dsf  carnation  and  control,  the  mount  cf  defamation  in 
light  of  the  disaster  ratio  variation  over  the  length  of  the  tube* 

The  pressure  seals  were  of  the  asm  design  as  those  utilised 
in  the  Miniature  scale  tasting*  The  technique  for  designing  a 
tuba  for  autefrettage  Is  shewn  in  Appendix  H. 

All  tubes  were  service  tested  with  the  life  criteria  being 
•200  inch  wear  at,  or  Just  in  front  cf  the  origin  of  rifling,  or 
the  developaant  of  serious  inaccuracy* 

m  -  TEST  RESULTS  AMD  DISCOSSKW 
A  -  jad  Condition  Aa»jjiS,i 

3fe  the  pressure  seal  configuration  utilised  in  the  1  inch  and 
full  scale  testing,  the  seal  was  sot  uchanl, rally  fixed  to  the  ttbe 
or  cylinder.  However,  since  the  steel  ring  stoves  up  the  * 

plane  cf  the  seal  head,  there  is  a  tensile  longitudinal  stress  in¬ 
duced  in  the  cylindsr  froa  the  frictional  farces  between  the  ting 
end  the  in&er  cylinder  wall*  As  will  be  shown,  however,  this 
stress  is  of  low  enough  Magnitude  so  that  tbs  results  obtained  sure 
closely  approximated  the  open  end  than  closed  end  condition. 
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Hookes  Law  defining  the  tangential  strain  in  a  thick  wall 
cylinder  1st 

*  -$-[oi  -  *  (ofc  ♦  ♦  ••*•••• . ..(3) 

The  defining  equations  for  the  elastic  tangential  (o^)  and 
radial  (op)  stresses  in  a  thick-sail  cylinder  exposed  to  internal 
pressure  ares 

•*b  d  * . •  •  •  * . «{4) 

^■^3  a~?>  . (5) 


Fran  equations  (3),  (4),  and  (5),  the  elope  of  the  elastic  portion 
of  the  internal  pressure-outside  surface-strain  curve  for  various 
em  conditions  is  as  fall cast 


1  -  dosed  Bad 
At  r  »  b 
a,  -  0 

"■*  ife 

2-4  *  *  *  * 


(6) 


17 


2  -  open  tad 

it  r  «b 


<?r  •  0 


9 


* 


•  0 


and 


— Si.  u 

5&t  2 


3  -  Restrained  fix! 
At  r  »  b 


•  0 


f?) 


and 

Mf'aTjii'}  . <*> 

The  slopes  of  the  internal  pressor*  outside  surface  strain 
cnrre  as  a  function  of  the  disaster  ratios  considered  in  this  pro- 
grea  for  the  dosed,  open  and  restrained  end  conditions  an d  that 
sacperiaentally  determined  are  ahcen  in  Figure  14*  Fran  the  figure 
it  is  «een  that  the  physical  condition  encountered  in  this  expeit- 
aental  prograa  correlates  Closely  with  the  open  and  condition* 


1 B 


out* dde  sarf see  strain 


B  -  ZUtlc  Brsakdoea 

The  plot  of  internal  pressure  wni 
is  Unsay  op  to  the  Initial  yield  or  elastic  breaklom  at  the 
bore.  Tbm  experimental  mints  tor  thfi  clastic  breskdoun  pressure 

araregad  toe  aaeh  iHaaat  ar  ratio  and  plot  tad  in  figure  15  as 
a  function  of  pros  sura  factor  aortas  disaster  ratio,  for  compari¬ 
son  tbs  theoretical  slsstio  breakdown  prassure  factor  based  on  the 
Von  MLses  and  Tresca  yield  criteria  for  tbs  open  sad  condition  are 
also  shorn*  Based  on  tbs  Ton  Maes  yield  criterion  elastic  break¬ 
down  occurs  ofomt 

p*y.  -Jffk*  . . . . (9) 

Irm  the  Tresca  yield  criterion  elastic  breakdown  lit 

?»f.  . . .  .  . . do) 

la  can  ba  aeon  from  tbs  figure,  there  is  close  correlation  be¬ 
tween  the  woqparlaentally  det«ge±ned  end  the  theoretical  Ton  Maes 
slsstio  breakdown  condition.  Ibis  again  Justifies  considering  the 
teat  condition  as  open-end. 

C  -  Oeexstrsin 

Than  the  internal  pressure  exceeds  tbs  elastic  breakdown  pres¬ 
sure,  the  elastic-plastic  interface  both  fron  the  bore  towrards  the 
outside  dlanetwr.  This  vmommt  is  e  function  of  the  internal 
pressure,  yield  strength,,  disaster  ratio  and  the  strain  hardening 
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coefficient  or  cape bill ties  of  the  material*  However,  the  strain 
hardening  effect  In  the  yield  strength  level  considered  Is  rela¬ 
tively  mall. 


The  theoretical  relationship  between  the  internal  pressure 
and  location  of  the  elaetio-plastio  interface  according  to  the 
Trace*  criteria  of  yield  ia  free  equation  (23)  of  Appendix  It 


«r  R2  R 

PR  s  ~~  1  **  J?  +  S  ^  ~  . .  (H) 


Since  current  and  future  cannon  design  will  be  based  on 
disaster  ratios  rarely  exceeding  2.2,  this  experimental  program 
is  primarily  based  on  the  100  percent  overstrain  condition.  At 
100  percent  overstrain,  l.a.  where  R  ■  b,  equation  11  beoemse 

b 

P0  s  Oy  log  -  . .  (12) 

a 
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Fra*  the  experimental  data,  the  empirical  relationship  for 


the  pressure  required  to  produce  100  percent  overstrain  is: 


1.08 


log 


(13) 


This  empirical  relationship  is  compared  to  that  for  the  Treaoa 
yield  criteria  fro®  equation  12  is  Figure  15*  It  can  be  seen 
that  as  the  disaster  ratio  increases,  the  ratio  of  100  percent 
ever  strain  pressure  to  elastic  breakdown  pressure  also  increases 
for  the  range  of  disaster  ratios  considered.  It  should  be  noted, 
however,  that  due  to  the  reverse  yielding  phenomenon,  at  diameter 
ratios  of  greater  than  approximately  2.0  -  2.2  the  antofrettage 
pressure  may  be  lover  than  the  100  percent  overstrain  pressure. 

This  reverse  yielding  phenomenon  will  be  discussed  further. 

is  previously  discussed,  100  percent  overstrain  is  defined  as 
the  condition  where  the  outside  surface  just  becomes  plastic.  From 
a  first  approximation ,  this  condition  occurs  when  the  tangential 
strain  (®t)  on  the  outside  surface  equals  the  strain  associated 
with  yielding  of  the  material  under  uni-axial  loading  as  follows  i 
cr 

®t  *  -g*  where  «  °y 

This  condition,  i.e.  where  5t  =  f1-"  is  shown  in  Figure  16  which  is  a 

F 

dimensionless  plot  of  the  pressure  factor  TT  versus  outside  surface 

j 
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•train  factor  for  .<*  disaster  ratio*  investigated.  These 

curves  were  derived  by  a  'aging  at  least  thraa  spectasns  for  aach 
ftwrtnal  tnora—at  of  perwanent  bora  snlargs— nt.  proa  tha  signi- 
fioant  leveling  c£f  of  tha  curves,  it  can  ba  seen  that  100  percent 
overstrain  was  attained  at  tha  predicted  value  of  outside  surface 
strain. 

Also  shewn  in  Figure  16  axe  theoretical  pressure  factor- 
strain  factor  curves  for  the  disaster  ratios  investigated.  This 
theoretical  relationship  will  be  developed  baaed  on  the  Treaca 
Held  Criterion.  Assenting  the  Tresca  Criterion  will  of  course 
introduce  *  —11  inacceiracy  at  the  elastic  breakdown  condition, 
l.e.y  When  R  •  a,  but  it  does  not  appreciably  affect  the  overall 
curve  shape. 

Referring  to  the  figure  and  equations  (16),  (17)  and  (18)  of 
Appendix  I,  the  stresses  in  tha  elastic  region  of  a  partially 


overstrained  cylinder  aret 

.  «> 

"  ‘l1  -■?)  .  a>) 

©J*0  .......  •...3*.  .  *  «  •  (16) 


Wher©  it  is  shown  that: 


(17) 


2  b 


At  R  ■  b,  ©wresting  s  0  and  incorporating  the  eonoerlacntally 
determined  proportionality  factor  of  1.08  for  the  100  percent  over¬ 
strain  condition 

1.06  %  s  °y 
ar 

2.16  K  =  <fr  . .  (18) 

3jr  definition  the  100  percent  overstrain  condition  is : 

Stbe  *  *  <Jjr . (19) 

Substituting  equations  (18)  and  (19)  into  (18)  and  solving  far  R 
yields 

R2*  Stbe  g  b2 . 


»g  b~ 

1.0$  $ 

from  equation  (23)  of  Appendix  I  and  again  incorporating 
experimntal  results  for  the  constant,  the  pressure  to  produce 
plastic  flow  to  a  depth  R  is 

PR  .  1.08  d)r  log  -J“  + 1.08  <fj  . 

Substituting  equation  (20)  into  (23)  yields 
1.08  Or 


(20) 


P  . 


*tbe  E  1 

if8  1.08  Or 


W  2  4  1  .  6tb«g  1 

1.08  <Sj 


(21) 


(22) 
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c  adverting  equation  (22)  into  t tnu  of  pressor*  factor  and  strain 
factor  yields  tbs  foil  owing  theoretical  relationship  for  the 
pressure  factor-strain  factor  curve « 

P.F  «  .54  fl  -  ♦  log  . (8  ) 

L  1»QB  1.0BJ 

As  can  be  seen  in  figure  lb,  goad  agreement  is  obtained 
between  this  theoretical  relationship  and  the  experimental  data. 

iron  the  inherent  lnhamogeneitgr  of  material,  as  exemplified 
by  defamation  bands,  Loaders '  lines,  and  minor  variations  in 
basic  yield  strength  throughout  the  specimen,  there  will  be  sane 
deviations  in  the  measurement  of  the  overstrain  condition,  i.e., 
on*  point  of  the  specimen  may  be  overstrained  before  another.  The 
spread  in  overstrain  data  with  respect  to  pressure,  however,  is  not 
great  and  the  average  can  be  considered  valid  for  design  purposes, 

D  -  pwiwBt  jgaflggi  Batio 

Since  it  is  much  more  eocnamieal  and  advantageous  to  auto- 
frettage  gun  tvbes  in  or  near  the  final  configuration,  that  is, 
with  di  master  ratios  varying  from  1.3  -  1*5  at  the  an  sale  to  1.9  - 
2.2  at  the  breech  sod,  it  is  necessary  to  ass  some  form  of  re¬ 
straining  containers.  The  Internal  diameter  of  these  containers  is 
designed  to  yield  a  given  mount  of  defamation  in  the  contained 
tube  section.  In  the  design  of  ths  tube  and  containers  to  obtain 
optimum  aatafrettage  effect  with  minimal  permanent  bare  enlargement, 
it  is  necessary  to  know  the  relationship  between  ths  pe lament  bore 
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and  outside  diameter  enlargement. 

Permanent  enlargement  ratio  (P.E.R. )  is  defined  a*  the  ratio 
of  Idie  permanent  enlargement  of  the  bore  to  that  of  the  outside 
diameter.  Free  the  data  it  appears  that  this  ratio  is  independent 
of  the  amount  of  permanent  enlargement  for  diameter  ratios  not 
exceeding  2.2.  Therefore  all  data  for  a  specific  diameter  ratio 
was  averaged  and  plotted  as  a  function  of  diameter  ratio  as  shown 
in  Figure  17* 

Also  shown  in  Figure  17  is  a  plot  of  a  theoretical  relation- 
ship  for  permanent  enlargement  ratio  which  is  developed  as 
foil  cars  assuming  that: 

1.  The  only  volume  changes  in  the  plastic  region  are 
elastic. 

2.  The  longitudinal  strain  is  uniform  throughout  the 
cross  section. 

3.  o«-0 
From  Hookes  law 

6t  ♦  6r  ♦  6s  "  («t  +  °t  *  a*) . C* ) 

Substituting  equations  (20),  (21)  and  (22)  of  Appendix  I  into 
(24)  and  defining  fit  rod  ®r  Ik  terms  of  u  yields: 
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Solving  equation  (25)  for  u  using  the  continuity  of  dlsplaoes«et 
terns  X  «a  shcnm  in  equation  (19)  of  Appendix  I  reunite  in  the 
foUoslag  relationship  for  redial  dlepleoeemt  trader  internal 


prenmret 

or 

n  u  m3 E> 

B 


r  (1-2V)  (log  I 

L  1  * 


1\  f?r 
2/  2? 


S2 

(1«P)  -f  —  {2"^ 
2** 


(as) 


For  the  100  percent  overstrain  condition,  l.e.,  R  ■  b,  the 
enlargement  ratio  trader  interml  pressure  is  from  equation  (26)  t 


Hie  pemaneot  Milorgrarant  ratio  is  determined  by  subtracting 
the  eleetio  recovery-  at  the  bore  and  outside  surfaces  as  determined 
from  equation  (11)  of  Appendix  I  ft? am  the  diepJenrarant  at  pressure, 
i«— v  m  0*3  and  the  100  percent  onrsrstrala  condition  where 


P0  =  oy  log  V,  yields  for  the  permanent  enlargement  ratio t 
,85  W2  -  U  log  W  +  .15  -  (,7  +  1*3 


PHt 


-(  W) 


•  .  (28) 


This  redness  tot 


j3& 

m  m  A*  +  V 


(29) 
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It  can  b«  shewn  that  the  shore  relation.*  hip  for  ptraanmrt 
enlargement  ratio  is  valid  for  esses  of  less  then  100  percent 
overstrain  by  simply  determining  the  radial  displacement  as  a 
function  of  tbs  elastic-plastic  interface  radius,  and  subtracting 
the  elastic  recovery  in  such  the  sane  manner  as  in  equation  (28). 

It  is  interesting  to  note  that  the  um  permanent  enlarge* 
want  ratio  relationship  can  be  developed  fro*  the  basic  assump¬ 
tion  of  no  net  volume  change  as  a  remit  of  overstrain. 

As  can  be  seen  In  Figure  17,  the  experimental  values  for 
permanent  enlargement  ratio  tend  to  coincide  closely  with  the 
theoretical,  it  is  Interesting  to  note,  that  In  those  cases 
ehsxe  100  percent  overstrain  did  not  occur,  the  values  for  perma¬ 
nent  enlargement  ratio  did  not  differ  from  those  for  100  percent 
overstrain.  This  tends  to  substantiate  the  use  of  the  theoretical 
relationship  for  overstrains  of  less  than  100  percent. 

Although  the  experimental  data  for  Figure  17  were  averaged 
for  each  diameter  ratio,  a  very  alight  decrease  in  permanent 
enlargement  ratio  was  noticed  at  permanent  enlargement*  greater 
ttun  1.8  percent  In  the  2.4  disaster  ratio.  This  phenomenon, 
although  small,  is  assumed  due  to  reverse  yielding  that  is 
expected  at  100  percent  overstrain  in  diameter  ratios  greater 
than  approximately  2.0. 


A«  shown  in  Wear#  18  which  is  an  engineering  stress-strain 
cum  far  the  Mtaltl  used  is  this  program  the  margin  between  the 
defined  yield  end  the  ultimate  tensile  strength  is  extremely  small. 
In  the  ease  of  a  thick-mailed  cylinder  of  this  material  then,  the 
difference  between  the  100  percent  overstrain  pressure,  and  the 
ultimate  or  rupture  pressure  is  also  extra— ly  —all  as  can  b@ 
noted  frees  Figure  16  for  various  diameter  ratios.  In  light  of 
tide  small  pressure  increment  between  the  100  percent  overstrain 
and  rupture  condition  in  the  diameter  ratioa  considered,  it  is 
necessary  to  know  accurately  how  much  permanent  enlargement  is  re¬ 
quired  to  attain  the  optimum  amount  of  overstrain.  It  is  also 
extremely  important  to  utilise  the  smallest  amount  of  plastic  de¬ 
formation  necessary  to  attain  100  percent  antofrettage  in  order  to 
minimise  possible  impairment  of  the  low  temperature  toughness 
properties  of  gun  tubes. 

In  the  diameter  ratios  considered  in  this  program,  it  was 
verified,  from  both  the  pressure-strain  and  residual  stress 
analysis  data,  that  optimum  or  100  percent  autofrettage  was  es¬ 
sentially  attained  by  100  percent  overstrain,  which  agrees  with 
theory.  An  previously  discussed,  it  may  sot  be  completely  neces¬ 
sary  to  reach  100  percent  overstrain  in  tie  2.4  diameter  ratio. 
However,  since  a  small  amount  of  reverse  yielding  is  not  considered 
harmful,  100  percent  overstrain  was  considered  optimum.  This  was 
considered  so  since  the  difference  in  permanent  bore  enlarge— nt 
between  the  minimum  amount  of  or  erst  rain  to  get  100  percent  auto- 
frettage  and  100  percent  overstrain  was  small,  and  actually 


within  the  allowable  error  on  a  fall  *cale  tab*. 

Vicar*  19  than  a  plot  of  percent  permanent  beri  enlarge¬ 
ment  to  produce  100  percent  overstrain,  the  experl*  an  tel  points 
ware  determined  in  the  manner  shown  in  Vigor*  20  by  plotting  the 
value  of  outside  disaster  strain  (%5  versus  the  percent  bore 
enlargement  obtained.  The  percent  bore  enlergeaent  that  was 
required  to  produce  100  percent  overstrain  is  determined  for 
each  disaster  ratio  fy  the  intersection  of  the  borisontal  line 

for  ^bo  *  2l  . 

* 

Also  shown  In  Vigors  19  is  a  carve  showing  theoretical 
▼mines  of  percent  bare  enlargement  to  produce  100  percent  over¬ 
strain.  The  theoretical  relationship  plotted  is  derived  by 
substituting  R  z  b  end  r  =  a  into  equation  (26).  The  radial 
displacf  ent  of  the  bare  at  100  overstrain  let 

n  -  .ijv2  -  (1  -  2v)  log  S+  4 . (30) 

*  [}  v  ii 

The  elastic  recovery  at  the  bare  fVon  equation  (11)  of 
Appendix  I  atuwnrtng  PQ  a  ^  log  W  is  * 

u  P(1-*-v  )  w2  +(1  -vTj . (31) 

•e  I  Or  -  1)  «-  J 

Subtracting  equation  (31)  tvom  (30)  yields* 
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V  ^  [f 1  -  i; )  ^  - (1  -  * v }  ^ w  +  i; 

-* f(  (1+V)  W2  +  (1-V)j .  (32) 

•M 

Fur  V  »  0*3 

%  Wsi.  jus5  W2  ♦  *15>j  jj.  -  *  100  .  *  .  (33) 

Am  mb  bt  me  in  Vicar*  19,  th*  experiasntal  win**  correlate 
way  Moll  with,  mod  snbstantlate  th*  theoretical  salees* 

V  «■  BesjUts&l  Styew as 

Ihd.ll tine  th*  strew  analysis  teehxdqae  proposed  by  Sachs,  th* 
reeidnal  stress  patterns  ladaeed  var*  analyse!  and  oaapared  with 
thsary.  Xh*  physical  estop  far  this  taehaiqiM  is  shorn  in  Tigare  21. 

Vigor*  4  Asm  a  typical  analysis  far  a  100  percent  orss 
strained  2.0  disaster  ratio  cylinder.  A Iso  shewn  are  th*  theoreti¬ 
cal  reaidnal  stress  distribatinn*  based  on  th*  Tresea  yield 
criterion*  th*  theoretical  relationship  far  these  residual  stresses 
based  as  the  Treses  yield  ari tearless  ore,  ss  shews  in  Appendix  I, 
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ffeO  .  . . (36) 


Am  can  be  m«  in  figure  4,  good  correlation  is  obtained  be¬ 
tween  the  theoretical  and  eKpertaental  resolta. 

In  the  residual  stress  analysis,  and  as  shown  In  figure  4,  a 
substantial  longttndlnal  resldnel  stress  has  bean  farad.  ¥his 
longitudinal  residnal  stress  has  been  a* stand  by  soot  investigators 
to  be  snail  and  la  usually  negleotod.  It  is  of  Interest  to  note, 
however,  that  It  doe#  exist,  and  that  It  say  be  of  sufficient 
nagnitode  to  bs  considered.  11  though  a  store  complete  analysis 
of  the  loogltadinsl  as  vail  as  the  astir#  residual  stress  picture 
will  be  stsnaarlsed  la  a  future  paper,  data  gathered  to  data  indi¬ 
cates  that  It  does  vary  with  the  SKsmt  of  over  strain. 

Closely  associated  with  the  "boring  out*  technique  for  the 
analysis  of  residnal  stresses  is  the  effect  of  nrhtnlng  on  the 
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autofrettage  prsasors  and  tha  residual  streae  distribution  and 
aagnitude*  this  is  an  important  consideration  sines  gun  tubes 
are  finished  reamed  and  rifled  after  autofrettage, 

ftroilalaary  experimentation  associated  with  the  eraluation 
of  tha  effects  of  aaehitting  after  autofrettage  base  Shown  an  unsac- 
plained  deviation  from  thecvy.  Qua  such  ease  consisted  of  a  2.2 
diameter  ratio  specimen  which  was  100  percent  oTera trained  and 
than  bored  out  to  a  1*8  ratio  and  re  pressurised.  It  would  be  ex¬ 
pected  that  the  resultant  autofrettage  pressure  of  the  machined 
specimen  would  be  equal  to  that  for  a  fully  overstrained  non> 
ms chined  specimen  of  equal  diameter  ratio.  As  shewn  in  figure  22, 
however,  which  is  the  preesnre  factor  -  outside  surface  strain 
factor  curve  for  the  reapplication  of  pressure,  the  autofrettage 
pressure  for  the  machined  1.8  diameter  ratio  cylinder  lies  sig¬ 
nificantly  above  that  for  the  non  machined.  Also  it  should  he 
noted  that  even  though  the  autofrettage  pressure  was  exceeded  in  the 
— chined  specimen,  there  is  a  decided  decrease  In  ncm-linasrity  or 
hysteresis  loop  offset  occurring  without  thermal  treatment.  This 
would  be  expected  however  since  the  more  highly  plastically  deformed 
Material  was  renewed  during  boring.  Although  acre  work  is  planned 
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in  this  area  in  order  to  more  f ally  understand  this  deviation 
firm  theory.  It  eon  be  considered  that  the  effect  of  machining  la 
at  least  no  greater  and  possibly  less  than  antielpated  from  the 
diameter  ratio  decrease. 

G  -  Hererae  Yielding 

As  was  previously  stated,  when  the  magnitude  of  the  tangen¬ 
tial  residual  a  trees  exceeds  the  yield  strength  of  the  material, 

(Y  ^  O' 

i.e.  where  tr  *  y  assuming  *r  =  0,  the  cylinder  will  reverse 
yield,  oauslng  a  redistribution  of  the  residual  stresses.  By 
equating  equation  34  to  it  oan  be  shown  based  on  the  Tresea 
yield  criterion  that  this  condition  will  occur  at  100  percent 
overstrain  in  cylinders  of  diameter  ratios  greater  then  approxi¬ 
mately  2.22. 

The  MnrtTnna  theoretical  ratio  of  the  autofrettage  to  initial 
elastic  breakdown  pressure  can  be  determined  by  considering  the 
condition  for  reyielding,  at  the  bore,  of  an  autofrettaged 
cylinder.  Baaed  on  the  Treeca  yield  criteria  reyielding  will 
oocur  when* 

°j  =  (^t  +  °tr)  -  °r  . .  (37) 
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Fran  this  the  100  percent  autofrettage  pressure,  acctmli^  that 


°*“ar*rtai>r::0aiidotrs~{^lj 


P  • 


0«) 


Comparing  this  to  equation  (10),  it  eau  be  seen  that  the  — ■»4— — 
autofrettage  preasure  la  twice  the  Initial  elastic  breakdown  pres¬ 
sure  and  that  this  ratio  la  independent  of  disaster  ratio* 

Based  an  the  Von  Mtses  Held  Criterion  the  r shielding  oowii- 
tion  ia  defined  by; 


2  <ty2  *  [Kt  <**.)  -  <£"J  2+  of  +  (<^  +  «^)2  ...  (39) 


and  making  the  eeme  assumptions  ae  in  the  ease  of  aquation  (38) 
the  100  percent  autofrettage  preasore  1st 


P* 


*9 


yw4-2i2  -i 

jW4  1 


Coopering  equation  (40)  with  equation  (9),  shows  that  the 


U O) 


attainable  autofrettage  pressure  is  1.85  tinos  the  initial  elastic 
breakdown  pressure.  It  should  be  noted  however,  that  this  ratio  i& 
a  mart  am  at  a  diameter  ratio  of  2.03  and  decreases  slightly  as  the 
disaster  ratio  increases  as  shewn  in  figure  23* 

In  order  to  evaluate  the  occurrence  of  reverse  yielding  in  the 
tipper  end  of  the  disaster  ratio  range  investigated,  t  nral  100 
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-cent  overstrained  apeeiasns  were  tharaal  treated  at  500°  F 
tor  five  hours  and  re-pressurised*  sham  is  Figure  24  are  the  In¬ 
ternal  pressure  factor  -  outside  surface  strain  factor  curves  far 
2*2  and  2.4  disaster  ratio  specials  re-cycled  to  tbs  initial  100 
percent  overstrain  pressure*  The  larger  mount  of  non-linearity  in 
the  upper  portion  of  the  2*4  disaster  ratio  curve  as  c capered  to 
that  for  the  2*2  sheen  in  the  seas  figure  and  the  2*0  disaster 
ratio  shorn  in  Figure  26,  indicates  that  scan  reverse  yielding 
probably  has  occurred  in  the  2*4  epeciaene.  The  ocagperltively 
sasl.l  aaount  of  non-linearity  in  the  2*0  md  2*2  disaster  ratios 
is  considered  due  prlaarily  to  rsasinl.ng  hysteresis.  Although  it 
is  eztreasly  difficult  to  differentiate  between  ncn-Uneerlty  due 
to  hysteresis  end  that  associated  with  reverse  yielding,  it  is 
indicated  that  the  critical  disaster  ratio  for  reverse  yielding  may 
bt  closer  to  that  predicted  by  the  Tresca  than  the  Ten  Wees  yield 
criteria*  A  acre  thorough  analysis  of  reverse  yielding  in  inter- 
ar$let£  disaster  ratios  will  be  included  in  a  future  report* 


Sven  in  cylinders  with  a  disaster  ratio  of  equal  to,  or  lece 
than,  the  critical  value  above  which  reverse  yielding  occurs,  a 
fora  of  non-linearity  is  exhibited  upon  the  re-applies  tiai  af  the 
100  percent  overstrain  pressure  as  shewn  in  Figure  25  which  is  for 
a  typical  2*0  disaster  ratio  spsetasn.  Froa  the  figure,  it  can  be 
seen  that  the  effective  Halt  of  linearity  on  the  continued 


re -application  of  internal  pressure  equal  to  the  initial  over¬ 
strain  pressure,  that  the  hysteresis  loop  effect  gradually 
djjrinishes  with  a  resultant  increase  in  the  range  of  linearity 
and  decreased  permanent  strain.  In  the  case  shown,  this  effect 
is  significantly  diminished  by  7  reapplicsfcicos  of  the  100 
percent  overstrain  pressure. 

Considering  the  great  attrition  of  equipment  whan  subjected 
to  the  overstrain  pressures  involved  sad  potential  progressive 
stress  daaage  aspects  of  recycling,  a  acre  suitable  technique  for 
the  sliadnatlco  of  the  hysteresis  loop  offset  should  be  con¬ 
sidered.  Based  on  prior  invs otigati ona,  it  baa  long  been  the 
practice  to  thermal  treat  autafrettaged  thick-wall  cylinders  at 
500  -  600°  ¥  in  order  to  ellalnate  this  phenoeenon.  Throughout 
this  investigation  then,  all  cylinders  were  subjected  to  a  low 
temperature  stabilisation  treatment  consisting  of  500°  F  for  five 
hours.  In  comparing  Figure  25  to  Figure  26  however,  it  is  noted 
that  the  beneficial  effects  of  tills  treatment  in  removing  non¬ 
linearity  and  the  associated  hysteresis  loop  are  Marginal  if  at  all 
existent.  Whether  sore  beneficial  affects  nay  be  obtained  at  other 
tfloperatureo,  along  with  the  potential  gains  to  be  realised  by 
strain  aging  phenoeenon  is  the  subject  of  another  current  experi¬ 
ment*!  program. 
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I  -  Longitudinal  Shrinkage 

The  external  profile  of  a  gun  tube  prior  to  autofrettage 
along  with  the  internal  profile  of  the  restraining  containers 
closely  approaches  that  of  the  finished  tube*  It  is  necessary, 
therefore,  to  consider  the  longitudinal  shrinkage  occurring  during 
autofrettage  in  order  to  obtain  the  desired  amount  of  peraanent 
bore  enlargement  in  a  configuration  having  ana  or  several  tapers* 
The  longitudinal  shrinkage  was  Matured  as  the  total  specimen 
shrinkage.  There  is,  however,  a  ehort  distance,  usually  leas  than 
•75  inches  behind  the  specimen  seal  that  la  not  strained  the  sane 
as  the  nLdsaetion.  Based  on  the  data  obtained  by  measuring  the 
unit  longitudinal  strain  slth  5R-4  gages,  utilising  the  total 
longitudinal  ahrinkaga  divided  by  the  specimen  length  between  the 
seals  did  not  introduce  a  serious  error* 

figure  27  shows  the  permanent  longitudinal  strain  divided  by 
the  percent  permanent  bore  enlargement  as  a  function  of  diameter 
ratio*  There  was  no  systeamtic  variation  in  longitudinal  strain 
as  a  function  of  percent  permanent  bare  enlargement  in  the 
diameter  ratio  range  investigated  so  all  data  were  averaged  for  a 
given  diameter  ratio* 

Also  shown  in  Figure  57  is  a  theoretical  longitudinal  unit 
strain  curve  aa  a  function  of  diameter  ratio  which  is  developed  as 
fallows  assuming  thatt 

i 
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A*  Daring  acpanoloa,  at  r  »  b 


or#  m  -.r,  a  0 

B.  AH  pafpowHaalar  planso  riawlni  psrpsadicalar  daring 
dafomation. 

ftroa  tba  aaat*pt£cca,  at  r  «  b 

. (*» 

and  fima  agnation  (29)  for  pwr—nwst  anlargomot  ratio 
vS 

*  «  — ■*-» —  to) 

*  .*5  »»  +  .15 

s.  %JL£*t  . («> 

*»  100 

A— dag  y  «  0.3  than 

5_  1 

m  . (44) 

7,P.BJE.  28?  W*  +  JO 

Aa  can  ba  notad,  thara  la  poor  corralaticm  batvaan  tba 
thaoratleal  and  axpartawntal  raaolta.  Tba  axpartnantal  data  ara 
•atdafiad  bjr  tba  following  asplrioal  ralationablpt 

ii—  s  - L .  . (45) 

%  P.BJ5.  700  W2  -825 
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The  ”#tabil±  ion"  tine  allowed  for  fee  reading  of  the  strain 
—sedated  with  a  given  promt  during  tasting  m  bald  to 
enroll— teily  30  —toads  in  order  to  —re  do— Ijr  duplicate  the 
conditions  encountered  in  the  fnll-ecals  autofiettage  pro—.  In 
order  to  deter*!—,  however,  has  srach  the  ra suits  of  this  tasting 
procedure  deviated  froa  that  for  a  true  strain  sttbilissd  condition 
a  sari—  of  taste  wars  part  or— d  with  the  pressor*  baing  held  at  a 
ft*—  level  until  ths  strata  attainsd  an  eqtdlibri—  value, 
figure  28  than  a  oonpaxison  of  ths  internal  pressure  factor  - 
outside  surface  strain  factor  curve  tor  the  strain  "stabilised” 
condition  as  coopered  to  fee  type  encountered  daring  narnaL  testing 
practice.  Ths  change  in  strain  with  tine  at  several  Internal 
pressure  levels  la  a  2.0  die— ter  ratio  sped— n  is  aha—  in 
figure  29*  Although  there  is  a  significant  change  in  strain  with 
ti— ,  particularly  —  fee  pressure  level  approaches  the  100 
percent  overstrain  condition,  it  Ins  little  effect  on  the  internal 
pressure  outside  surface  strain  results*  Ths  testing  procedure 
then  not  only  duplicate*  the  fulX-ecal#  autcfrettags  practice,  but 
introduces  only  negligible  eacperl—  rtbal  error  as  compared  to  the 
"stabilised”  caadlti m* 

Also  as  s  —tier  of  interest,  ths  sped—  utilised  far  the 
study  of  the  strain-tine  effect  were  re -cycled  to  ths  initial 


overstrain  pressure  unrtl  tinea,  with  the  jressure  again  being 
held  et  sash  paint  wStLl  the  strain  m  laager  ahooged.  The  tfp# 
of  internal  }www  yimm  outside  surface  strain  results  ob¬ 
tained  crap ared  cloaely  with  that  far  a  specimen  re-cyeied  radar 
normal  testing  practice.  Although  to  b«  a  subject  tafera  up  in  a 
later  report,  it  is  indicated  that  tha  lengar  holding  tLna  at 
pressure  has  little  effect  m  tha  aagoitade  of  tha  hysteresis 
loop  phsnnmsncn  is  tha  stool  rad  strength  level  investigated. 

*  "  mi  alas  Qm  Tubes 

fha  data  rad  design  criteria  developed  in  tha  miniature 
epent—n  proyaa  was  ooapHaratad  by  its  application  to  foil 
alas  gun  tubas.  In  tha  eatofretbage  of  a  sarias  of  four  90ra  and 
sutmaqpuurtly  a  a usbag  of  larger  caliber  gun  tubas  utilising  tbs 
eaparlrantal  data  for  tha  dsaign  of  tbs  tabs  and  containers, 
excellent  corralaticn  was  obtained  bataaan  tha  predicted  and 
actual  results.  In  all  cases  the  aspLrleaL  overstrain  pressure 
to  attain  100  percent  overstrain  correlated  very  wall  with  the 
axperiuazxtal  data,  the  100  percent  overstrain  candLtiQn  in  the 
fall  slss  tube  mi  datondned  by  using  linear  differential  trans¬ 
formers  inserted  through  the  containers  and  bearing  an  tha  tubs 
during  daferaatian.  lbs  longitudinal  shrink* gs  experimental  data 
was  also  substantiated  by  these  full  scale  applications. 

There  was  a  slightly  lower  percanaot  bore  snlargrarat  noted 
on  the  full  si  as  tubs  than  as  predicted  by  the  data.  This  wee 
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attributed  to  tte  yield  strength  verleticii  ^y  found  thrrm^hi 
«ut  a  Motion  u  large  and  aa  leaf  aa  a  gw  tribe*  Du  order  to 
aoeaaaodato  tbl*  yield  strength  variation  25  psrosnt  greater 
paasaaact  bore  anlargsamst  thaei  tte  predicted  anoost  required  to 
produce  loo  percent  overstrain  la  utilised  la  practice  for  tribe 
and  container  deal^u  ltd*  value,  la  not  great  enough  to 
serLcualy  affect  tte  low  temperature  tougjbneao  properties,  but 
large  enough  to  insure  100  percent  ororatraia  throughout  the  total 
regerdUee  of  strength  variations* 

Dm  four  experimental  90ue  taboo  ee  schematically  o  compared  to 
tba  90m  *41  in  Figure  30  tel  a  plaid  strength  range  of  171  - 
1*0,000  pounds  per  square  iaeh.  trie  tubes  wore  ulth  a 

dealgu  factor  baaad  on  tte  data  of  3*0  and  tte  runalnliqt  tec  on 
1*55*  These  factors  yielded  tribe  relate  of  *50  and  640  pounds 
respectively  a a  compared  to  tte  15*0  pounds  for  tte  our  rent  9tiaa 
1141  noBHaatofrettagad  tube*  This  safety  factor  however  nay  be 
ai.—rtut  nlsleedOag  alnou  it  includes  tte  oonvezelan  from  copper 
to  true  pressure  (approximately  1*2)  end  an  allowance  for  tte 
115  percent  overpressure  rounds  encountered  during  service  end 
proof  testing.  Tte  true  factor  of  safety  then,  baaed  on  tte 
developed  design  criteria  see  1*45  and  1*12  respect 

la  tte  service  testing  of  the  four  tubes,  no  pa  moist  bore 
srilargMant  was  noted,  even  as  a  result  of  tea  115  percent  over 
pr assort  rounds,  and  with  the  outside  disaster  of  the  tube  being 
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at  500°  P  or«r  s  stfestaidial  portion  of  the  tort. 

She  sccvamoy  of  the  t&o*,  wbich  could  be  effected  by  the 
(too tor  boro  dllotleu  and  Whip*  dae  to  the  thinner  veils,  *u 
oooporoblo  to  that  for  the  current  9&m  Mil  fan.  She  vodoo,  or 
«oer  rata,  vtdch  could  elec  bo  effected  by  the  creator  bore 
dilation  we  not  creator  than,  and  in  tact,  *u  eoneebat  lean  than 
that  expected  in  a  eospsrable,  tMck-eesll  ncn-chrcntus  plated 
tube. 


V  -  CGMCLOSXCBS 

Baaed  on  the  «iai*fcare  spedaen  stady,  end  the  soocessfol 

end  service  testing  of  a  aeries  of  90m  gttn  tdbee,  the 
principle  and  prooesa  es  described,  repreeonts  e 
ns  of  Iffioreastng  the  elastic  broakdooa  pressure  of 
lloootar  ratio  ejAlader*  at  the  yield  atreoftb  level 
ounds  per  oqaaro  inch  vfeile  walntalnirg  design  safety 
all  aa  1.12.  fftillaing  the  deaLfn  data  and  criteria 
nd  the  open  end  antoTrettage  proeeea  described,  it  la 
pnwttle  to  dedLga  end  vaimfSctcre  t&gh  strength  gun  tabes 
featuring  veigbt  redactions  of  ap  to  60  percent  or  increased 
all  Puebla  ehanber  preesares  of  es  great  as  100  percent  as  coopered 
to  ocoMUxtcfrettaged  mono-block  construction  of  the  ease  basic 
strength  level* 


More  work  in  currently  under  ny  In  such  fields  as  the 
progressive  stress  dm— gc  aspects  of  highly  stressed  sutofrettaged 
cylinders  at  ambient  sad  elevated  temperatures,  the  effects  of 
teaperature  from  the  standpoint  of  the  hysteresis  loop 

effect  and  strsss  relaxation,  —.chining  effects,  reverse  yielding 
phene— ton,  the  residual  stress  distributions  characteristic  of 
various  autofretteg#  techniques,  and  the  application  of  auto- 
frettege  to  aaterials  of  over  200,000  pounds  par  square  inch  yield 
strength.  However,  Ikon  this  study  tbs  following  points  concerning 
the  application  of  autafrettage  to  aaterials  of  paginal  165,000 
pounds  per  square  inch  yield  strength  have  been  established. 

1.  The  experimentally  determined  ini  Mel  elastic  breakdown 
pressure  over  the  range  of  diameter  ratios  investigated  correlates 
more  olosely  with  that  predicted  by  the  Ton  Mines  than  the  Treses 
yield  criteria. 

2.  The  cans  tent  K  in  the  relationship  for  the  100  percent 
overstrain  pressure  as  a  function  of  diameter  ratio  and  yield 
strength,  i.e«,  P  .  ta^  leg  V,  was  determined  to  be  1.08  as  com¬ 
pared  to  1.0  as  predicted  from  the  Treeca  yield  criterion. 

3.  The  internal  pressure  -  outside  surface  strain  data  for 
the  diameter  ratio  range  Investigated  can  be  predicted  by  an 
empirical  relationship. 
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4.  «parl»aBtally  detemdaed  ptntaiBt  enlarimeat  ratio 
for  the  100  percent  overstrained  condition  m  a  function  of 
disaster  ratio  correlates  wall  with  that  theoretically  developed 
whlah  la  baaed  cm  the  aeeenption  of  an±fcm  longitudinal  strain 
thgogghotit  the  cross  section. 

5.  fhe  perasnent  enlarfment  ratio  is  independent  of  ths 
aagaltode  of  <mr*\a*i»  la  disaster  ratios  lass  thsn  2.2. 

6*  fha  eacpsrlaeatslly  determined  psraansnt  bora  snl&rgasflat 
to  obtain  100  psrosat  overstrain  sqbstsattatas  that  theoretically 
pradietad  if  a  tteiesae*s  ratio  of  0.3  is  assuaed. 

7.  The  dataraiDad  raeddaal  stress  distribnticn  eorralatea 
eloaaly  with  that  predicted  by  ths  tirseoa  yield  criterion. 

8.  A  substantial  longitudinal  residnel  e trees  eadsts  sad  baa 
ahem  to  wry  with  ths  aagaltade  of  aoaratndn. 

9.  fralisrimry  ecrperlaantation  has  sbo%*  that  ths  demoting 
affaots  of  ssiMnlig  altar  ssrtafrsttage  are  so  greeter,  and 
possibly  Isas,  than  would  be  predlotad  Arcs  the  change  in  disaster 
ratio. 

10.  laser  aa  yielding  wan  noted  In  the  iOJ  percent  ovar> 
strained  2 *4  disaster  ratio  tat  was  fcxrJ  to  ba  Insignificant  in 
the  2.2  ratio  which  tends  to  sabstRatiate  that  predicted  froa  the 
trssoa  yield  criterion. 
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11*  The  mrlmm  theoretical  ratio  of  cutofTettage  to 
initial  elastic  breafcdoan  pressure  based  on  the  Tresca  yield 
criterion  is  a  constant  that  is  Independent  of  disaster  ratio 
shore  a  diameter  ratio  of  2.2.  Based  on  tte  Ton  Mtses  yield 
criterion,  the  ratio  decreases  Shore  a  critical  diameter  ratio  of 
approximately  2.0. 

32.  The  non-linearity  aeaoclatad  with  the  hysteresis  loop 
effect  can  be  sigQifSeaatly  decreased  by  a  aaell  number  of  re- 
applications  of  pres  sure  up  to  the  original  orer  strain  pressure. 

Tbs  thermal  treatment  consisting  of  500°  F  for  flee  hoars  does  not 
significantly  reduce  the  hysteresis  loop  effect  in  the  strength 
level  Investigated. 

13.  A  large  discrepancy  between  the  experimental  results  and 
that  theoretically  predicted  was  noted  in  the  oese  of  the  segnltode 
of  the  longitudinal  strain  as  a  function  of  percent  permanent  boom 
enlargement  and  diameter  ratio.  The  empirical  relationship  based 
an  the  eoq>erlmenfeal  results  should  be  used  for  design  purposes. 

14.  The  aapiltude  of  the  permanent  longitudinal  strain  doss 
not  vary  with  tbs  magnitude  of  the  overstrain  in  1dm  ranges  Inves¬ 
tigated. 

15.  The  empirical  data  developed  on  mtntatsre  specimens  is 
valid  for  fhll  olse  gun  tube  applications. 

15.  Bo  permanent  bore  wilarg— ont  was  noted  during  serrloe 
testing  of  actofrettagsd  full  else  gun  tubes  designed  with  a  safety’ 
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divided  into  tk»  diffaroat  stages  of  dafccmtica  occurring  up® 
the  application  of  pressure*  Also  considered  will  be  the  iraria- 
tiosia  occurring  Aren  the  use  of  the  Treses  md  Ten  llLees  yield 
criteria* 

I  -  gy»t&o  gage 

gy  applying  the  condition 
of  equilibrium  to  the  forces  in 
the  radial  direction  on  the  ele¬ 
ment  illustrated*  the  following 
general  differential  equation  Is 
obtained; 

et  »  e*  *  r  *—*  *  0  •  •  « 
r  dr 

Utilising  the  strain  -  diepiaceaert  relations  and  Hookes  law* 
assoning  ©#  -  and  %  are* 

**  fir  [>♦*-#! 


•  *«*»•••  ***(3 


summer  cr  thrcki  rat  thick-wau,  ctldobb 

SUBJECTED  TO  INTBOUL  31SSSUSS 


Tha  follcwlng - y  of  the  elastic-plastic  thoory  fee  open 

and  thick-wall  cylinders  subjected  to  internal  pzessare  will  be 
diwidad.  into  tbs  differ  ant  stages  of  dsformticn  occurring  upon 
the  application  of  pressure.  Also  c  coal  da  rad  will  ba  tbs  warla- 
tions  occurring  fraa  the  use  of  the  Tresca  and  Ton  Mia  aw  yield 
criteria. 

I  -  gUatlc  .gaga 

By  applying  tba  condition 
of  equilibrium  to  tha  forces  in 
the  radial  direction  on  tba  ale- 
■ant  illustrated,  tha  foilcaring 
general  differential  aquation  la 
obtained* 
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dr 

Utilising  the  strain  -  diaplacanast  relations  and  Hookas  las, 
asaoadJQg  os  ■  0><ft  and  o^  are* 


«  #  *  ft  #  e  tf  *  #  c*  »  *  *  * 
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aebstAtctiy*  «q,mti«oe  2  and  3  into  ocpstttc**  1  yiold*  &  Sod  or  Aar 
dtlf«r«atlAl  oquaiices  uS&da  Ms  the  gsaaxsO.  aoXotiaas 

C# 

«  *  Cay  ♦—  ....... . .  ♦  •  .  .  (4) 

placing  «%«MfeLsn  4  into  sedation*  3  «ad  3  and  using  tint  boia&diwy 
cocdLtioas 

<%*  •-  f 
and 

<%*  *  0 

yia&as  ta»  fcdlesang  ««11  kton  #q*UEU*so*  for  tangoeatiai  end  radial 
stsroaoMi  *w  tS»  ietorvaX  jswsoar®  mmt 
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fee  mm&mm  value  of  which  ie  at  jp  *  *  te 
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fee  sdsdssm  vela©  «£  o.  is  s&  tj»  outer  ai^f&ee  stssra 
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fee  r»tio 


®tb 


approfcchea  1  as  W  approaches  1  which  is  fee  ossa  for 


cylinders. 

fee  n»  of  fee  tangential  sod  radial  sires  sea  ia  constant 
through  fee  wall  thlckr.*  ste*  Sence  they  produce  s  radlarn  contrac¬ 
tion  in  the  direction  of  the  axis  of  fee  cylinder,  and  planes 
perpendicular  to  the  axis  non sin  perpendicular.  It  is  therefore 
justifiable  to  consider  the  cylinder  as  being  is  s  state  of  plans 
stress,  i.e«,  os  »  0. 


dime 

ap 

®fc  ♦  <*r  * 

then  from  Hook#**  law,  the  longitudiaal  strain  is 

*  J«L_  . . 
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ITok  equation  (4),  the  radial  displacement  of  ag$r  paint  in  fee 
well  becomes 


Hi 


(11) 
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MM  tbft  Istawssl  pressure  Is  increased  t!»  elastic  2±slt  of  tbs 
itfAsalal  is  sad  tbs  astal  bsgisss  to  jdold  at  tbs  bora# 

DtilifSiJf  %b*  t rssca  ss±tm±m  of  jistldijsgj  i9®* 


•“  0j»  »  t  {  *  * 
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sod  jRjiwrtitiitiBf  equations  (5)  and  (6)  Ijrto  (12)  for  r  •  a  stsar® 
<%»<%>  Is  tbs  largest*  tfes«*  ala*iie  breskdcm  begiru?  cm  tbs  iafcssv 
sal  surface  at  a  preaataws  of 


» 


.  .  03) 


Tlxls  pressure  is  tb*  um  fas*  all  «&d  ccodtiticcs. 

If  tbs  fen  Mists  eritarloc  of  yieLdiiig  is  utilissc  as  follcwe* 

0t-«?y)®  ♦  (V0*)*  ^  '  2  V  .  (U) 

tiara  iSmSbatltsMia^  tsjaatiae*  (5),  (6)  assd  (7)  iafco  (14)  yialcb  for 

tbs  opefi  sad  case, 
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iMrnmH  r&mwr#  tsxmtba  t te  alurtic  tert«Mcwa 


OsdLtJg  Hookes'  law  sad  equations  (16)  and  (17),  the  radial  dis¬ 
placement  in  the  elastic  region  isi 
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j  (lew)  h*  -t  (1 
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Tfes  laagjtudinal  strain  free  aquatics  (19)  is 
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(19) 
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lb* 


(20) 


Hi  the  plastic  region,  the  equation  of  equilibrium  (1) 
canto  teed  with  the  Tresca  yield  criterion  leads  to 


Hie  Internal  pressure  required  to  produce  plastic  flow  up  to 
the  depth  of  r  »  R  is  from  equation  (21) 

h  ‘  “y 108 1  *  “y  (*isr)- .  ») 

Equation  (23)  satisfies  elastic  breakdown  at  the  bore  and  100 
percent  overstrain  which  can  be  checked  by  letting  R  •  a  and  R  *  b 
respectively* 

Assuming  that  the  only  volume  changes  within  the  plastic  region 
are  elastic  and  that  the  longitudinal  strain  is  uniform  throughout 


vi 


Using  Hookes '  la*  and  equations  (16)  and  (17),  the  radial  dis¬ 
placement  in  the  elastic  region  1st 


u*  “  (  (lev)  b*  ♦  (1  -  v)  r*[ 

2r»»  L  U 

The  longitudinal  strain  from  equation  (19)  is 
voyi» 


Kb* 


(19) 


(20) 


In  the  plastic  region,  the  equation  of  equilibrium  (1) 
combined  with  the  Tresca  yield  criterion  leads  to 


. <*> 

®tP  -  -  <y  i*|  ♦  <y  (~) . 


The  internal  pressure  required  to  produce  plastic  flow  up  to 
the  depth  of  r  »  R  is  from  equation  (21) 


rR 


E 

°7  108  a  *  °y 


(23) 


aquation  (23)  satiafiea  elastic  breakdown  at  tha  bora  and  100 
parcent  overstrain  vhich  can  be  checked  by  letting  8  »  a  and  R  ■  b 
respectively. 

Assuming  that  the  only  volume  changes  within  the  plastic  region 
are  elastic  and  that  the  longitudinal  strain  is  uniform  throughout 
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tfc*  <m mw  »«otlor!;  It  ha«  been  «how»  that  the  redial  Aiaplaee- 
sest  tad®?  iatasaal  orrrsstrat?!  p*«sssr«  utilising  the  trees*, 
yield  criterion  1st 
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1  \  **Sa  ^  .  1* 
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r  (l-2v)(log  - - s4  +  i£§  (Ml  +  £  (2-V) 
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n  -  BeeMaal  atrera 

The  atreaeea  which  reaaln  is  the  nail  of  the  cylinder  after 
triaging  the  aeteMal  to  a  condition  of  yielding  at  least  partly 
through  the  vail  and  then  rsssrring  the  internal  pressor®  ean  be 
oolottlated  baaed  on  the  Greece  yield  criterion  and  a®  mining  that 
daring  unloading  the  eaterlal  follow)  Hooke®1  law  os  follow® : 


(t»r)r  “  ^(tjr)  Free.  "  v  (t,r)e 
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For  the  elaetic-plaatlc  condition,  fro*  aquation®  16  and  17  the 
reaidxtal  streeaea  in  the  elaatie  portion  of  the  vail  sret 
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a mmssmm  easier  mocsssm 

tts  design  of  a  gas  tube  or  thick-wall  cylinder  uttlisSMf 
tbs  satefrettage  principle  bastes Hj  iarolrss  equating  the  desired 
spseitag  p-egggre  ts  the  ae^trmis.  f&msmm  is  AismtUz.  ratios 
aot  exceeding  approadaeteljr  2,2,  tad  solving  far  the  reentre** 
diasetsr  ratio  in  tbs  following  relationship. 

<D  Pf  *  (1.08)  efr  log  W 

K  la  this  oast  is  &  factor  of  s ofsty  which,  in  light  of  the  slight 
non-linearity  exhibited  in  the  disaster  ratios  sad  yield  strength 
l«v«l  investigated,  has  been  jrelSalnsrily  sat  at  X»2. 

fha  design  of  a  gun  tubs  along  with  tha  associated  restrain- 
1 rg  containers  for  the  satofrettag*  process  ir  carder  to  obtain 
optima  results  with  the  witdwma  aaount  of  perasnset  bora  enlsrga- 
snot  Is  a  wore  difficult  problae  sad  will  be  Kb'asrlsed  in  this 
appendix. 

a  -  mcm  ommmmm 

from  experience  sad  the  physical  srraagasast  utilised  la  the 
ontofrettog*  of  gm  tubes,  the  following  factors  should  be  eeusidr. 
ered  sad  iasorperated  into  the  taste  design  for  autefretfcages 

1  *  IpproxiHataly  «J  liwhss  of  natsrisl  should  7  -  left  on  til 
disasters  to  fooilitato  the  final  asehtaiag  operations.  This 


sfcoold  b«  bused  m  tha  tdb#  coa&gcratlca  After  aatofrefetsgee 

3  -  ftm  grtHBaa  %sgss?  to  feaHitata  referral  of  tha  tub*  fro* 
the  oo&taiawrs  after  rotofeattags  should  fe#  *OS£  inshss/lissh  «s 

tbs  dlssttfcse,  adth  *  aeodunn  of  .080  inehaa/iach.  Brcaedtag  this 
reHfrfaa  tspsr  £a  a^ieing  hot  a  Tory  short  section  *qr  introduce 
an  azsssaivs  la^ta&eai  odaponant  of  tbs  radial  stresses 
between  tha  ontalda  tubs  strfaos  and  tbs  oootsinsr, 

3-4  atotw  length  equal  to  tbs  autslds  disaster  and 
msaeursd  fire*  tbs  point  of  sealing  should  bs  dissardod  team  «aoh 
and  of  tba  tabs.  This  is  to  aitiadaats  tbc  sod  offsets  caused  by 
tbs  saaLing  awnagtaint* 

The  design  for  aatefrettags  by  tbs  opsa-aod  procsss  atl.ll  ting 
ooctsiasrs  oaa  bo  divided  into  3  basic  parts  c  aisle  ting  of  that 
for  tbs  tabs,  containers  and  Icagltadlnal  shrinkage. 

1  -Tuba 

Tbs  ttiba  disensiau*  altar  sutcfrstfcage  coaudst  of  that  for 
HEdLahcd  tuba  plus  MtdbtolH§  alio aaooaa*  Tbs  <**eHg«»  of  tbs 
tsl»  c<saCLfi&*»tian  for  sutofiettags  than  trill  bs  that  required,  in- 
dadlag  naooaaajy  tapers,  to  attain  tha  predstsrsdnsd  dlaa&siflna 
altar  being  araretraiaad*  Tbs  dstaraLaation  of  this  initial  eon- 
figuration  is  aocflopJLAahad  by  a  trial  Mi  error  technique  as 
tabulated  in  Table  n  for  one  at  tbs  9aos  gun  tubas  sham  in 
figure  30*  Bach  section  of  tha  tuba  asst  bo  oauddarod  separately. 


In  the  irdfcUl  trial,  the  final  required  diaansions  ere  utilised 
to  detondne  the  a**mt  of  pemmast  bora  ealerg— ut  resulting 
Is* ok  the  100  perfect  overstrain  e<m&ttaa«  As  m  «*«*&*.  la  tab* 
Sec ticc  5,  tiw  required  bore  and  eeteide  dimeters  altar  auto- 
frettege  are  3*24  aasi  6# Si 5  inches  respectively*  Tor  this 
d£*asi*r  rette  s?  1*S&*  ism  Sips?*  If*  it  is  sees  that  a  pasaa- 
sent  bore  ealarga— nt  of  1.0  percent  or  .032  indbe*  is  required  to 
attain  100  peroeat  overstrain.  trUllalng  the  parneaeot  eular  ge¬ 
mot  ratio  for  W  •  1.86  froa  figure  17*  the  change  in  outside 
disaster  «U1  be  .S19.  these  paraanaot  dimeter  change#  acre  sub¬ 
tracted  fro*  the  original  tass^  or  in  this  case  final  dbsensioas 
and  the  am  disasters*  adjusted  slightly  to  aiagOlfy  asofaixdng, 
utilised  for  the  second  trial.  £a  the  txmpl*  shorn,  the  second 
trial  yielded  satisfactory  re  suite.  It  should  be  noted  that  the 
required  pexmaenb  bore  eulargnimt  to  stteln  100  percent  over¬ 
strain  is  1.25  tines  the  essparlsMBtel  data  in  order  to  swoons 
aatexial  strength  differences  throughout  the  tube. 

2  *  longitudinal  shrinkage 

Sine*  the  outside  dimeter  of  the  tsfee  consists  of  one  or 
several  tapase*  tin  latitudinal  shriaSsegs  aast  be  oeaddorsd  in 
order  to  attain  the  desired  aaoont  of  permaeat  bore  anlsrgsnant 
in  each  tube  section,  Taking  the  as  an  disaster  ratio  for  each 
section  and  the  required  mount  of  peraacent  bore  mlargmant*  the 
longitudinal  shrinkage  can  titan  be  detwMfmed  iron  figure  57. 


IM*  Mount  torn  is  added  to  the  Isagth  of  eee£  sec tiro* 

3  -  Container  D saiga 

Is  psT»j  coaly  stated,  containers  are  utilised  prasnrily  to 
s^fiSsSsff^ss!^  *v_~  fiSSS&t  Of  *»»»*  j*|i—w>-.  t^SM  Sfftffnt  pflmfhta 

the  a»te£rett±ie  of  e  fab*  of  wr  table  oroee  eectice?,  To 
deteadae  the  iatesnl  configuratiaD  of  the  containers  ehtoh 
reacriLOs  eery  cioerilgr  that  of  tide  tube,  it  ia  assansd  that  the 
tribe  ocmtainsfr  Interface  jreasore  Is  ecgusl  to  the  d&ffexenoe 
between  the  Madron  internal  pressure  for  tee  tribe  and  the  over- 
strain  treasure  for  the  section  in  qoestiro*  The  walruB  interna: 
pressure  le  gm erelly  efwd  to  or  slightly  greater  than  the  wod- 
smi  cwstrein  prtsswt  far  the  tribe*  In  this  ease  139,000 
pound*  per  tqpam  inch  le  nsodU  Again  in  the  oaae  of  Motion  5, 
the  interface  pressure  ±e  135,000  -  315,000  or  2)0,000  pounds  per 
sqpmre  Inch.  fiawrihg  the  internal  and  interface  pressure  at  a 
gtwm  section,  the  elastic  recovery  of  the  outside  serfaes  of  the 


tribe  let 

La  «W  -  ru 

where  %  *  andean 

IQrwBBi  prMfttTV 

Byj  »  isterfeoo  pressure 

iserwring  that  the  Internal  disaster  of  the  cowfcalasr  equals  the 
outside  dissert  er  of  &s«  tribe  riben  writer  pressure,  the  elastic 


*tr«ia  fit  tb*  oootadL mat  o*o  b«  datcrvi »*d  fifcstt 


b 


V*C 


5(S*~a) 


.7  *  i.: 


<*"e] 


*  *  *  (2) 


Tbfi  istosasl  dteartar  of  t**»  cwmmmt  to  uwa  l&>  «*»i**id 
ffiamnmb  box*  fi^UtTg— Mart  oua  so*  b*  dbtorsduewd  by  ad&og  bo  tfe# 
ootcid*  dlaaoto?  of  the  tab*  «ft*r  untofsvtUf*  tb*  diX/«r«oe* 
bvtomca  tts*  aliistic  vmsermey  at  tbs  outside  sortie*  of  tbs  tab* 
(«qo*tl<n  1)  sod  ths  of  tb*  coatsiwr 

(uquAtioc  2)  M  fall  am  < 
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Tte  intendl  di— ter  of  tte  eoste&Mr  to  attain  tte  d—lrod 
pmumfebm  tdwpwrt  mb  no*  bo  Cotarcdnad  by  addin*  to  tte 
ooteldt  di— tor  of  tte  tteo  after  wUftiUte  tte  dif i aroooo 
bate— a  tte  alaatio  roo o— >y  of  tte  osteite  carte*  of  tte  tdbo 
(oqaatian  1)  and  tte  aSUaite  axpanalaa  of  tte  e—taiter 
(equation  2)  at  foil  ant 
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Rgart  4.  RESIDUAL  STRESS  DISTRIBUTE  IN  A  100  PERCENT 

OVERSTRAINED  CYLINDER 
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Figure  4.  RESIDUAL  STRESS  DISTRIBUTION  IN  A  100  PERCENT 

OVERSTRAINED  CYLINDER 
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Figure  II 


SPECIMEN  AND  CONTAINER  ARRANGEMENT 
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Figure  28 
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